The Polymerase Chain Reaction (PCR) has facilitated the detection of unculturable microorganisms in virtually any environmental source and has thus been used extensively in the assessment of environmental microbial diversity. This technique relies on the assumption that the gene sequences present in the environment are complementary to the ''universal'' primers used in their amplification. The recent discovery of new taxa with 16S rDNA sequences not complementary to standard universal primers suggests that current 16S rDNA libraries are not representative of true prokaryotic biodiversity. Here we re-assess the specificity of commonly used 16S rRNA gene primers and present these data in tabular form designed as a tool to aid simple analysis, selection and implementation. In addition, we present two new primer pairs specifically designed for effective 'universal' Archaeal 16S rDNA sequence amplification. These primers are found to amplify sequences from Crenarchaeote and Euryarchaeote type strains and environmental DNA.
Introduction
16S rRNA sequence analysis has been used to clarify the taxonomic affinities of a wide range of taxa (e.g., Baker et al., 1999; Mclnnery et al., 1995) and as a powerful tool for assessing the genetic diversity of environmental samples (e.g., Baker et al., 2001; Groflkopf et al., 1998; van Waasbergen et al., 2000; Whitehead and Cotta, 1999) . PCR amplification of 16S rDNA from organisms which are as yet unculturable has provided an invaluable insight into our understanding of community structure, especially of communities inhabiting extreme environments, where growth conditions may be difficult to mimic in the laboratory. Over the past 25 years, a large number of primer sequences for amplification and sequencing of ssu rRNA genes have been published (e.g., DasSarma and Fleischmann, 1995; Elwood et al., 1985; Kolganova et al., 2002; Wata-nabe et al., 2001) . Some of these primers have been designed as taxa specific, whilst others have been designed to amplify all prokaryotic ssu-rRNA genes and are referred to as 'universal'. As the database of 16S rRNA gene sequences has grown, new taxo-nomic groups have been discovered (Barns et al., 1994; Hugenholtz et al., 1998; Mclnnery et al., 1995; Nielsen et al., 1999) . In particular, two novel sub-divisions of the domain Archaea, the Korarch-aeota (Barns et al., 1994 (Barns et al., , 1996 and Nanoarchaeota , have been discovered in the past decade.
These sub-divisions are based mainly on environmental DNA sequences from thermophilic ecotypes (Barns et al., 1994; Marteinsson et al., 2001; Hohn et al., 2002) . Burggraf et al. (1997) have successfully cultivated a Korarchaeote in a mixed laboratory culture at 85 °C. The cells, identified by fluorescence hybridisation, are rods of 5 -10 Am in length. The Nanoarchaea exhibit uncharacteristically small cell size and were first documented as exosymbionts of the Crenarchaeote, Ignicoccus at 70-98 °C . Both the Korarchaeota and Nanoarch-aeota are positioned near the base of the Archaeal branch of the universal phylogenetic tree (Barns et al., 1994; Kim et al., 2000; Huber et al., 2003) , suggesting that these are relatively archaic lineages. Due to culturing constraints and the general perception that Archaea are limited to extreme environments, it is likely that representatives from these groups may well have been overlooked elsewhere. It is notable that phylotypic signals identified as low temperature Crenarchaeotes are almost ubiquitous in terrestrial and marine environments (DeLong et al., 1994; Jurgens et al., 1997; MacGregor et al., 1997; Schleper et al., 1998) but no examples of this group have yet been cultured.
Primers designed to be complementary to the conserved regions of the groups present in the original universal phylogenetic tree are not necessarily complementary to all those that exist in the database today. In fact, it has been demonstrated that Nanoarchaeum does not amplify using standard ''universal archaeal primers'' . New primers are thus required that are both universal and specific. Ideally, they must be specific to the domain in question, whilst complementary to sequences in all taxa within that domain. Lists of 16S rRNA primers have been published (e.g., DasSarma and Fleischmann, 1995; Rey-senbach and Pace, 1 9 9 5 ) t h a t a r e a l l u d e d t o a s universal or domain-specific, but little empirical evidence supporting these specificities is available.
The European Ribosomal RNA database (http:// www.silk.uia.ac.be) provides excellent secondary structure variability maps for 16S and 23S rRNAs and shows the superposition of primers on the 16S and 23S genes of Escherichia coli. Unfortunately, however, this resource is not readily available for the Archaea.
The objectives of this review are to summarise and critically review the information available on 16S rRNA primers, to provide an easy-to-use framework with which to examine the applicability of oligonu-cleotides on the basis of their specificities to various taxonomic groups and to offer up-to-date domain-specific primer sets. Previous papers (e.g., Wintzin-gerode et al., 1997) have discussed in general terms the pitfalls of PCR-based technologies, but here we focus on primer specificity and problems associated with primer-template mismatch.
Bacterial primer specificity
Regions of differing variability in the 16S rRNA variability map ( The majority of these conserved bases are, however, not adjacent to each other and thus form no continuous conserved regions for universal priming. The longest string of totally conserved bases is between positions 788 and 798, but in most areas of the gene absolutely conserved bases are found in strings of less than 4. Thus, no primer of sufficient length can be designed that is a 100% match to all bacterial, let alone, all prokaryotic 16S rRNA gene sequences. Furthermore, sequences of recently discovered taxa are not adequately represented in the variability map (Watanabe et al., 2001 ) and levels of sequence conservation are probably over-estimated. The primers designed by Watanabe et al. (2001) containing inosine residues have a wider specificity, but are also complementary to Eukaryote rDNA sequences (Table 1 , see after References).
Archaeal primer specificity
The Archaeal alignment shows substantial mismatch between primers that are designed to be generally Archaea-specific or universally prokaryotic and the published sequences of some Archaeal taxa, especially the Korarchaeotes and Nanoarchaeum. Several of the Archaea-specific primers (e.g., EK4F, M704) are homologous to one taxonomic group within the Archaea or have a Euryarchaeota or Cren-archaeota bias. Of the 51 primers described only 18 are 100% complementary to Korarchaeote sequences and only 11 are complementary to Nanoarchaeum (Table 2 , see after References). Table 3 shows examples of the specificity differences of some 'taxa-specific' primers. For instance A1F to EK4F are all designed to anneal to the same part of the gene, but differ in sequence and specificity. All of these primers, except N3F, are said to be Archaea-specific, but EK4F has a very high specificity for methanogens-specific sequences and does not match 100% with any other Archaeal group. A2Fa has a more general specificity to Archaeal sequences. Similarly, Eb787F and Ab787F, which are both described as universal primers, differ by only one base (5 nt from the 3' end), but have entirely different specificities. Of the primers described as universal, many have poor specificity for the Crenarchaeotes (529R, 1053F, 515F), some have poor Euryarchaeota specificity (519F, 534R) and others have poor Ar-chaea-specificity over-all (926R).
Primer specificity
Universal primer design is a compromise between universal complementarity and other primer attributes, such as primer-primer complementarity, annealing temperature and G/C ratio (McPherson et al., 1995) . Ideal annealing temperatures and lack of self-complementation are often sacrificed in 16S rRNA gene primer design in order to obtain optimal specificity across whole domains.
In Tables 1 and 3 , primer specificity has been judged on the basis of 100% complementarity of primer to template. In reality, in the case of amplification from pure cultures, 70% identity to target sequence is sufficient for successful annealing and amplification (Stern and Holland, 1993) . However, poor complementarity of ''universal'' primers, especially at the 3 ' end, to particular taxa in environmental samples will lead to under-representation of these genotypes within 16S rRNA gene libraries.
Primers that include multiple nucleotides at degenerate positions have been used to provide ''universal specificity'', but such primers are reported to have biased template-to-product ratios (Polz and Cava-naugh, 1998 ) and excessive degeneracies can lead to amplification of non-target genes or domains. Wata-nabe et al. (2001) reviewed the use bacteria-specific primers containing inosine residues and concluded that these primers are useful in the detection of diverse environmental populations. In our analysis, primers containing inosine residues had broader specificity, but excessive use can lead to amplification of non-target groups. Practically, inosine residues are considerably more expensive than standard bases.
New universal Archaeal primers
The majority of Archaea-specific primers were designed prior to the identification of the Korarch-aeote and Nanoarchaeote sub-divisions and thus Ar-chaea-specific primers need to be reassessed in the light of the discovery of these taxonomic groups. Specific primers have been designed to be effective for Korarchaeote and Nanoarchaeote identification (Brunk and Eis, 1998; Huber et al., 2002) , but for total Archaeal community analysis, a set of primers specific to all Archaea would be essential. On the basis of our 1300 bp Archaeal 16S rRNA gene sequence alignment, there are clearly regions of conservation common to all four sub-divisions ofArchaea that have not previously been utilised.
Primer design
New primers have been designed on the basis of the Archaeal alignment (Fig. 2 , see after References) by manual searching for areas of sequence conservation across all four Archaeal subdivisions. Given that no regions of sufficient length with 100% complementarity to all Archaeal sub-divisions exist in the alignment, primers were designed to maximise complementarity at the 3' end. Where mismatches occurred degenerate bases were added. Where there were three different bases in a specific position, an inosine residue was added. No more than 25% total degeneracy, and less than 10% inosine residues were allowed per primer. Primers were designed with annealing temperatures of between 50 and 60 °C
Laboratory assessment of new primers
New primers (A571F/UA1204R and A751F/ UA1406R) were assessed in the laboratory in comparison to a published primer pair (A2Fa/U1510R), which are frequently used for amplification of Archaea ssu rDNA from environmental samples (Hugenholtz et al., 1998; Reysenbach and Pace, 1995; Lopez-Garciaet al., 2002; Martinez-Murcia et al., 1995; Jurgens et al., 2000) . Primer pairs were tested against DNA extracted from two Crenarchaeote and two Euryarchaeote type-strains, E. coli and two hydrothermal sediment samples from the Tokaanu and Waiotapu thermal region in New Zealand. DNA extraction was conducted using the modified Zhou method (Stach et al., 2001 ).
PCR was conducted using 0.5 AM primer, 0.2 mM dNTPs, 1.5 mM Mg+, and Roche Taq polymerase (1 unit) under the following conditions: Initial Dena-turation-2 min at 94 °C; 30 cycles-1 min at 94 °C, 1 minat55 °C (A571F/UA1204RandA751/UA1406R) or 1 min at 50 °C (A2Fa/U1510R), 1 min at 72 °C; Extension-10 min at 72 °C.
The two new primer pairs were used successfully in amplifying DNA from Sulfolobus solfataricus, S. shibatii, Pyrococcus woesii (data not shown) and Thermococcus litoralis and did not amplify E. coli DNA. Both the new primer sets and the published set, A2Fa/U1510R, also amplified DNA extracted from Waiotapu hydrothermal sediment samples, NZ, and the amplicon yield using the new primers was higher than that with the published set. The new primer sets were also effective in amplifying a product from environmental DNA extracted from the Tokaanu hy-drothermal region, NZ, where the published primer set failed (Fig. 3) . The PCR product amplified using A571 and A1204R was cloned into pGEM-T Easy System 1 (Promega) and transformed into MC1061 competent E. coli. colonies containing different Hinf1 restriction fragment patterns were sequenced using M13 primers. Unique partial 16S rRNA Archaeal sequences were obtained which clustered within the sub-division Crenarchaeota.
Conclusions
PCR has been used to great effect to identify organisms that are as yet unculturable in vitro (e.g., Hill et al., 2000; Polz and Cavanaugh, 1998; Theron and Cloete, 2000; Ward et al., 1990) . Bias in phylogenetic analysis is introduced through differential amplification caused by differences in the efficiency of primer binding, interference by sequences flanking primer regions (Hansen et al., 1998) and differences in the kinetics of the PCR reaction. (e.g., Brunk and Eis, 1998; Reysenbach and Pace, 1995; Suzuki and Giovanni, 1996) . As a consequence, many, if not all, 16S rDNA libraries will not be totally representative of microbial communities, especially on a quantitative level (Farelly et al., 1995; Reysenbach et al., 1992) .
None of the primers in current use are truly "universal" and no single set of primers can be recommended that are guaranteed to amplify all prokaryotes. We have designed two primer pairs that potentially amplify representatives from all Archaeal groups and may access a greater Archaeal diversity than is possible with previously published primers. In addition, we provide data in Figs. 1 and 2 and their associated tables as a tool to aid the choice of the most appropriate primers for specific objectives. We also emphasise, as have others (Polz and Cavanaugh, 1998; Suzuki and Giovanni, 1996; Wintzingerode et al., 1997) , that the pooling of several PCR reactions utilising slightly different primers may significantly reduce bias and provide a more accurate understanding of microbial community structure. 
